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Introduction
As a material of choice in modern microelectronics, silicon (Si) has attracted increasing attention during the last decades. The interest was mainly driven by the possibility to integrate both optoelectronic and microelectronic functionalities on a same Si chip. Due to its indirect bandgap, bulk Si is a poor light emitter. The development of an efficient Si-based light emitter is therefore a challenging issue. Following Canham's discovery in 1990 of light emission in porous silicon [1] , there has been a substantial interest on nanostructured silicon as promising material to circumvent the limitations of bulk Si. Pure Si nanocrystals (Si-ncs) embedded in a SiO 2 matrix are shown to have an appreciable and steady light emission at room temperature [2] [3] [4] [5] and are moreover compatible with the Si technology. Although an optical gain was claimed with Si-ncs [6] , there is still no efficient light emitting device available based on Si-ncs. Furthermore, the emission of Si-ncs is limited to a narrow spectral range between 600 and 850 nm.
Doping with optically active ions such as rare earth ions is a promising alternative approach to obtain an efficient optical emission from Si-based materials due to their outstanding optical properties. Rare earth (RE) doped Si-based insulating matrices such as silicon oxide (SiO 2 ), silicon-rich silicon oxide (SiO x ), silicon nitride (Si 3 N 4 ) and silicon-rich silicon nitride (SiN x ) have been extensively investigated. In such matrices, RE photoluminescence emission has been evidenced in the ultraviolet, visible and nearinfrared spectral ranges [7] [8] [9] [10] . Moreover, efficient electroluminescence in the UV ( $ 320 nm), blue ( $ 440 nm), green ( $550 nm), red ( $ 620 nm) and IR ( $ 1540 nm) range has been demonstrated in metal-oxide-semiconductor (MOS) devices with SiO 2 implanted with rare earth elements such as Gd [9] , CeþGd [10] , Tb [11] , Eu [12] and Er [13] . Although, the three primary colors (red, green and blue) can be achieved by the same device structure, expensive ion-implantation equipment for the high dose implantation of rare earth elements is required in MOS devices with rare earth ion implanted SiO 2 .
Moreover, it has been reported that rare earth silicates can present higher optically active rare ions than that observed in rare earth doped matrices [14] [15] [16] [17] . This can be a new promising approach and an effective way for rare earth applications in photonic devices.
Among all rare earth atoms, cerium (Ce) is of particular interest since Ce 3 þ ions are characterized by an allowed electric dipolar 5d-4f transition giving rise to emission in the violet-blue range. [17, 20, 21] . Recently, we have investigated the effect of post growth annealing treatment on the nanostructure and the optical properties of 3 at.% Ce-doped SiO 1.5 thin films [22] [23] [24] . We have demonstrated the formation of Ce-disilicate nanoparticles through a complex phase separation between the Si in excess, Ce atoms and the SiO 2 matrix. Moreover, following a quenching of the Cerelated luminescence with annealing temperatures up to 980°C, an intense emission was found to reappear after annealing at 1100°C. By examining the nanostructure of the films with Atom Probe Tomography (APT), we have attributed the intense luminescence to the formation of a Ce-disilicate phase of stoichiometry Ce 2 Si 2 O 7 .
To go further insight in the growth and luminescence of cerium silicates nanoparticles in Ce-doped SiO x films, we perform in this work an atomic scale investigation of Ce-doped SiO 1.5 thin films as a function of Ce content by means of APT for a constant silicon excess of $ 10%. The obtained nanostructure by APT was then correlated with the optical properties of the analyzed samples. Our overall objective is to focus on the evolution of the nanostructure in such systems in order to understand the optical properties.
Experimental
Sub-stoichiometric SiO 1.5 thin films were deposited on top of Si (100) substrates by co-evaporation of SiO powder from a thermal cell and SiO 2 from an e-beam gun in an ultra-high vacuum chamber. The films thickness was 200 nm. The Ce doping was performed from a Knudsen cell heated at around 1400°C. The Ce concentration was varied from 0.7 to 3 at.%. The samples were post-grown annealed in a rapid thermal annealing furnace under flowing N 2 at 1100°C [22] .
The 3D atomic scale characterization of the samples was carried out with a Laser-Assisted Wide-Angle tomographic Atom Probe (LAWATAP-Cameca) instrument. APT provides a 3D mapping of atoms contained in the sample. Further information on atom probe tomography and on the analysis conditions can be found elsewhere [25] . In an APT experiment, the specimens must be needle-shaped having an end-radius below 50 nm. The preparation of such tips was achieved by employing the lift-out and annular milling method [26, 27] , using a dual beam Zeiss NVision 40 FIB-SEM.
Photoluminescence (PL) measurements have been performed at room temperature using a 325 nm laser wavelength excitation. More information on the PL setup can be found in reference [24] . Fig. 1 shows the PL spectra of Ce-doped SiO 1.5 thin films annealed at 1100°C and measured at room temperature for various Ce concentrations. A broad emission band peaking in the range 350-650 nm is observed for all the samples. The emission at these wavelengths is commonly ascribed to the allowed electric dipolar 5d-4f transition of Ce 3 þ ions. For Ce contents up to 2 at.%, we can distinguish the presence of another luminescence band around 750 nm. The latter is due to radiative recombination between electrons and holes confined in the Si-nanoparticles formed in the films. Moreover, it is noteworthy that as the Ce content decreases, the Si-nanoparticles related PL intensity increases while simultaneously the Ce 3 þ related PL decreases. This behavior can possibly be due to an energy transfer between Sinanoparticles and Ce 3 þ ions. Nevertheless, in their study, Weimmerskirch-Aubatin et al. [28] have shown by using photoluminescence excitation measurements on Ce-doped SiO 1.5 thin films that no energy transfer occurs in such system. We can thus rule out this hypothesis. Therefore, to understand the evolution of the optical properties, we investigated the nanostructural properties of the films by APT.
Results and discussion

Photoluminescence as a function of Ce content
Nanostructure analysis by atom probe tomography
The 3D reconstructions obtained from atom probe analysis on Ce-doped SiO 1.5 samples annealed at 1100°C are presented in Fig. 2 . 3D maps of pure Si-nanoparticles (red) and Ce-rich clusters (blue) are presented. For the sake of clarity, only Si atoms in Sinanoparticles and Ce atoms from Ce-rich clusters, which also contain Si and O as explain later, are shown. The 0.7 at.% Ce-doped SiO 1.5 layer (Fig. 2a) contains a high density of Si-nanoparticles induced, as expected, by the phase separation of silicon in excess and the silica matrix. Moreover, the 3D reconstruction reveals also that some Ce-rich clusters exist. We can note that these Ce-rich particles are located in the vicinity of Si-ncs. Increasing the Cecontent up to 2 at.% leads to the formation high density of linked nanoparticles while some isolated Si-ncs are still observed (see dashed circles in Fig. 2b) . Finally, for the film containing 3 at.% Ce, all Si-nanoparticles are remarkably located in the immediate vicinity of Ce-rich clusters. Thus, the 3D reconstructions obviously reveal that increasing the Ce content from 0.7 to 3% has a strong influence on the diffusion and growth of Si-nps.
In order to obtain a better insight of the nanostructural evolution of the samples, composition measurements are required. To determine the composition of the Ce-rich clusters quantitatively, a small box ( $ 1x1 Â 1 nm 3 ) is placed in the core of each cluster. By counting the number of atoms of each species in the sampling box, we are able to identify the composition of the Ce-rich nanoparticle. The resulting compositional measurements of the Ce-Si-O nanoparticles are listed in Fig. 2 ). This result evidences that all the silicon atoms in excess, introduced during the elaboration, have segregated either in pure Si-ncs or in the Ce-rich clusters.
The evolution of the density of Si-ncs and of the atomic fraction of Si atoms in Ce-rich clusters as a function of Ce content are presented in Fig. 3 . The number density of Si-ncs decreases as the Ce content increases and simultaneously the atomic fraction of Si atoms in Ce-rich clusters increases. This evolution is directly related to the influence of the Ce content on the growth of Si-ncs. Increasing the Ce content up to 3 at.% leads to the growth of Cerich clusters until the formation of Ce 2 Si 2 O 7 . The atomic fraction of Ce atoms belonging to Ce-rich particles increases with the dopant concentration. Therefore, by increasing the Ce content, the formation of Ce disilicate nanoparticles requires more Si atoms. Thus, Si atoms in excess will remain in the Ce 2 Si 2 O 7 clusters rather than forming pure Si-ncs. Moreover, we have previously demonstrated that Si-ncs in 3 at.% Ce-doped layers are formed by two nonclassical mechanisms [22] . Firstly, as observed in the case of the 0.7% Ce-doped SiO 1.5 layer, Si and possibly Ce atoms diffuse to form a Ce-Si-O rich phase. Secondly, Si atoms in this Ce-rich phase are ejected leading therefore to the growth of pure Si-ncs in the vicinity of Ce-silicate clusters. Increasing the Ce content up to 3 at. % leads to a control of Si-nps growth by Ce-silicate formation and therefore to no more isolated Si-ncs. For low dopant content, the amount of Ce atoms is not sufficient to form the Ce 2 Si 2 O 7 phase. In this case, isolated Si-ncs are formed as the initial silicon excess is constant for all the samples. The 2 at.% Ce-doped sample represents an intermediate case.
The observed nanostructures and the evolution of the phases in the films discussed above help us to understand the modification of the optical properties shown in Fig. 1 . Indeed, the drop of the Ce 3 þ related PL intensities for the 0.7 and 2 at.% Ce-doped SiO 1.5 thin films may be related to the presence of a non-stable Ce-rich phase and the lack of formation of Ce 2 Si 2 O 7 . As mentioned previously, a low amount of Ce 3 þ ions remains diluted in the SiO 2 matrix and can participate to the weak luminescence observed. Moreover, we can not exclude the formation of a small amount of Ce 2 Si 2 O 7 particles in the 2 at.% doped sample responsible of the increase in the PL between 0.7 at.% to 2 at.% doping. On the other hand, the intensity of the Si-ncs related PL decreases as the Ce content increases in the films. This feature is related to the increase of Si-ncs located in the vicinity of Ce-rich clusters when the Ce content rises. Thus, the absence of Si-ncs related luminescence for the 3 at.% Ce-doped SiO 1.5 film is caused by the immediate proximity of the Ce 2 Si 2 O 7 nanoparticles which probably provide non-radiative recombination pathways. Finally, the Si-ncs PL detected in the sample containing 0.7 at.% and 2 at.% is attributed to the isolated Si-ncs observed in the layers (Fig. 2a and  b. ). The PL intensity decreases monotonously with the fraction of isolated Si-ncs.
Conclusions
In order to gain a better understanding of the optical properties of rare earth doped SiO x thin films, a detailed investigation of the structure at the nanoscale is required. In this work, we have investigated, using atom probe tomography, the spatial localization of Si atoms and Ce ions in Ce-doped SiO 1.5 thin films. Our work allows to correlate the nanostructural evolution and the optical properties of Ce-doped SiO 1.5 thin films. The complex evolution of the Ce and Si related luminescence with Ce-content was explained. In particular, the strong PL emission from the layer containing 3 at.% Ce is related to the formation of a Ce 2 Si 2 O 7 compound. Moreover, for the 3 at.% Ce-doped layer, the quenching of the Si-nps related luminescence was explained by the location of all Si-nps in the immediate vicinity of Ce 2 Si 2 O 7 clusters. This was confirmed by the appearance of Si-nps related luminescence when isolated Si-nps were observed for lower Ce-contents. This demonstrates the effect of Ce on the precipitation mechanism in Ce-doped SiO 1.5 systems. This work brings a comprehensive view of the optical properties of Ce-doped SiO x thin films in relation to their nanostructure. The correlation between these two aspects seems to be interesting and further work is required to fully master the formation of Ce-silicates nanoparticles and their luminescence. The control of the precipitation mechanism in such systems as a function of the elaboration conditions will open a new way to optimize the PL emission.
